Introduction
Lithium ion batteries have been applied to many fields, such as smart grid, electric vehicles, mobile phones, laptops, aerospace and so on. Along with the growing demands of the energy storage devices and aggravation of environment pollution, lithium ion batteries with high energy density and long cycle life are required.
1−2 To meet the increasing demands of energy density, metal sulfide materials have been proposed as promising candidates to replace the conventional graphite negative electrode because of their high specific capacity, low cost and abundant resources. 3−4 Among the extensively investigated transition-metal sulfide anode materials, 5−11 such as SnS 2 , CoS 2 , FeS 2 , NiS, CuS and MoS 2 , layered MoS 2 is found to be one of the most promising anode material for lithium ion batteries because it is a four-electron transfer reaction occurring at lower potential during the charge/discharge process, achieving high capacity up to 1000 mAh g −1 . 12 However, MoS 2 electrodes in lithium ion batteries generally suffer from fast capacity fading during cycling due to the huge volume variation accompanying with Li-ion insertion and extraction. 13 Recently, employing an appropriate polymer binder has been considered to be an efficient strategy to address the fracture or pulverization of electrodes caused by the huge volume variation during cycling.
14 A good polymer binder can maintain the physical structure of the electrode by holding together active materials and conductive additives with the current collector.
The polymer binders may be polyacrylic acid (PAA), 15−16 caboxy methyl cellulose (CMC), 17−18 polyethylene oxide, 19 highly polar polyacrylonitrile, 20 biopolymer guar gum 21 and so on. Compared with traditionally used polyvinylidene fluoride (PVDF) binder, PAA and CMC, showing lower swelling ability and better elasticity, are regarded as better binders for use in large-volume-change electrodes. Besides, PAA may offer a much higher concentration of carboxyl groups which can form hydrogen bonds, while CMC may serves as a dispersant and provide a network that efficiently bridges the conductive additive particles and active material. 22 Moretti et al. used PAA as a binder for V 2 O 5 electrode and found that the PAA-based electrodes possess an excellent cycling stability with a capacity retention of 94% after 100 cycles at 1C. 16 
Characterizations
Crystalline phases of the as-prepared products were identified by X-ray powder diffraction (XRD) (German Bruker D8) with Cu-K α radiation. Different metal-sulfur vibration modes were obtained using a Raman spectrometer (Renishaw, invia-reflex).
The morphology of the products was examined by a field-emission scanning electron microscope (FESEM, S-4800, Hitachi) at a voltage of 40 kV and a transmission electron microscopy (TEM) (Tecnai F20, FEI) at 200 kV acceleration voltage. 
Electrochemical measurements

Results and discussion
XRD pattern of the as-synthesized MoS 2 sample is shown in Figure 1a . 18, 24
The morphology and structure of the as-prepared MoS 2 were characterized by SEM and TEM microscopies. As presented in Figure 2 , the flower-like morphology of MoS 2 was obtained, with diameters of 400~900 nm and composed of sheet-like subunits in random orientation (Figure 2a) . The nanosheets have the thickness of around 10~15 nm (Figure 2b ). TEM measurement further confirms its nanosheet structure (Figure 3a) . HRTEM image indicates that the sample consist of few-layered MoS 2 and the interlayer distance of (002) plane is found to be 0.65 nm (Figure 3b) . Figure 4 show the cyclic voltammogram (CV) curves of MS-PVDF, MS-CMC, MS-PAA, recorded in the voltage range of 0.01 to 3.0 V at a scan rate of 0.2 mV s −1 for the initial five cycles. Here, we took MS-PAA as an example to understand the electrochemical process of the MoS 2 nanoflowers. Two vivid peaks at around 1.1 and 0.4 V in the initial cathodic process were observed. The peak at 1.1 V relates to the lithiation process and formation of Li x MoS 2 , corresponding to the transformation of coordination polyhedron of Mo from a trigonal prism (2H) to an octahedron (1T). 12, 22 The intense peak at approximately 0.4 V is attributed to the decomposition of Li x MoS 2 to Mo and Li 2 S. 18, 25 During the anodic scans, the peaks at 1.8 V could be associated with oxidation of Mo to MoS 2 , and the peak at 2.3 V is caused by the oxidation of Li 2 S into sulfur. 10, 18 In the second and subsequent discharge cycles, two cathodic peaks appearing around 2.0 and 1.3 V are related to the redox of Mo nanoparticles and revisable formation of Li 2 S, respectively.
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Similar profiles were observed for both MS-PVDF and MS-CMC, indicating similar electrochemical reaction process for each sample.
To identify the effect of the polymer binders on the electrochemical performances of the MoS 2 samples, the coin cells employing MoS 2 with each binders were galvanostatically tested in the potential range of 0.01 to 3 V (vs. Li/Li + ). Figure 5 shows the first, second, tenth and fiftieth discharge/charge profiles of the three electrodes cycled at the current density of 0.1 A g −1 . The voltage plateaus of charge−discharge profiles are coincided with the CV results. For MS-PVDF, the initial discharge capacities are 939.7 mAh g −1 at 0.1 A g −1 , while these for MS-CMC, MS-PAA are 925.9 and 764.5 mAh g −1 , respectively. The irreversible capacity loss for all electrodes in the first cycle may be due to the formation of solid-electrolyte interface layer, decomposition of electrolyte and the trapping of some irreversible lithium inside lattice.
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The cycling stability of these MoS 2 electrodes using different binders is shown in Figure 6a and the results are listed in Table 1 . Clearly, MS-PAA exhibits the best stability compare to the others, while MS-PVDF suffers a fast capacity fading during the cycling. After 50 cycles, the discharge capacities are 258.8, 814.2 and 986.8 mAh g −1 for MS-PVDF, MS-CMC and MS-PAA, respectively. The superiority of the CMC and PAA binder over PVDF is due to the fact that the formers provides a unique homogeneous three-dimensional networking between the conductive carbon particles and active material which leads to a better electrode architecture. 18, 29 Besides, the presence of carboxyl functional groups in CMC and PAA provides effective chemical bonding with the active material as well as current collector, which enhance the stability of the electrode during cycling. 30−31 Furthermore, the superior performances for MS-PAA may attribute to the high concentration of carboxyl groups in PAA. 15 It supposes that a certain fraction of the COOH groups in PAA form strong hydrogen bonds with MoS 2 surface. The remaining carboxyl groups form ionically conductive COOLi groups and, together with the solid electrolyte interphase (SEI), protect the electrode electrical connectivity from degradation upon solvent intercalation. 15 For the MS-PAA, it is interesting to find that the specific capacity steadily increases, relating to the activation process to facilitate Li-ion pathways between the electrolyte and electrode during cycling, which will be verified in the EIS results shown later. The rate performances of MoS 2 electrodes using different binders were further evaluated at identical discharging/charging current densities from 0.2 to 2 A g −1 after being aged at a 0.1 A g −1 , as shown in Figure 6b , the dates extracted from Figure 6b are also listed in Table 1 is obtained, which is much lower than these of the MS-PAA and MS-CMC. Obviously, MS-PAA also demonstrates the best rate performances. In order to understand the different electrochemical performances of the MoS 2 electrodes using different binders, EIS measurements were performed after the first cycle and fiftieth cycle, as shown in Figure 7 . The experimental EIS data are fitted by an equivalent circuit model 27, 32 given in the inset of Figure 7a . R e represents the internal resistance; the high-frequency semicircle corresponds to resistance R f and the constant phase capacitance (CPE 1 ) of SEI film; the medium frequency semicircle is associated with the charge-transfer resistance (R ct ) and CPE 2 of electrode-electrolyte interface; the inclined line in low frequency representing the Warburg resistance (W) is assigned to the Li-ions diffusion in electrode.
As shown in Figure 7 , after the first and fiftieth cycle, R f and R ct values of MS-CMC and MS-PAA are lower than these of MS-PVDF in the high-to-medium frequencies range. According to the fitting results, the R ct values of MS-PVDF was dramatically increased from 46.51  to 101.52  after cycling in comparison with these of MS-CMC slightly changing from 15.3  to 20.7 . Interestingly, the charge transfer resistance of MS-PAA decreased from 30.80  to 23.76 , indicating that the kinetics of Li insertion/extraction into the electrode improved with cycling, which is well agree with the results for its cyclic performance. This observation confirms that both SEI film resistance and charge-transfer resistance of MS-CMC and MS-PAA are much smaller than these of MS-PVDF, which gives the evidences for the improvement of rate capability and cycling stability for the electrodes using the binder of CMC and PAA.
Conclusions
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